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lator p21CIP1, the histone acetyltransferase p300, and
many others. Thus, the toroid-shaped clamps can tether
DNA polymerases require tethering to an accessory many proteins to the DNA, as well as provide flexibility
factor, typically a ring-shaped clamp, to remain bound to move along the double-stranded DNA like a washer
to DNA during replication. Three recent structural on a string.
studies provide unique insight into how these clamps Since the sliding clamp is topologically tethered to
are loaded onto DNA by the clamp loader machinery. the DNA, how does the long strand of chromosomal DNA
get inside the ring, especially on circular genomes and
Tethering the Enzyme to the Substrate long chromosomes? This is the function of the clamp
DNA polymerases, the enzymatic entities that catalyze loader proteins. Each DNA replication system that uses
the addition of a nucleotide onto an existing 3-OH of a a circular clamp employs a clamp loader machine. E. coli
growing DNA chain, are, for the most part, rather poor has the  complex, bacteriophage T4 has the gp44/62
at staying with the task at hand. They synthesize short complex, eukaryotes have replication factor C (RFC),
stretches of DNA, but tend to fall off the template DNA and archaea has an RFC-like complex (Table 1). Each
before getting too far (i.e., they are distributive rather of these protein machines contains subunits that are
than processive enzymes). That will not do when an structurally similar to members of the AAA protein super-
entire genome, or even a replicon within a large genome, family (ATPases associated with a variety of cellular
needs to be copied. activities; Neuwald et al., 1999). AAA proteins are in-
To function in a more processive or continuous man- volved in many biological processes such as protein
ner, DNA polymerase accessory proteins tether the poly- trafficking, handling unfolded proteins and their proteol-
merase to the DNA template. When the polymerase ysis, and even other aspects of initiation of DNA replica-
completes a catalytic step and releases its grip on the tion (Neuwald et al., 1999; Takisawa et al., 2000; Table 1).
DNA so that it can translocate, it remains proximal to
its substrate because it has a constant grasp on the The Players
accessory factor with an arm that is not part of the The E. coli clamp is a dimer of the  subunit of the
polymerase catalytic center. Thus, accessory factors DNA polymerase III (Figure 1). Its clamp loader is the 
increase the local concentration of the substrate for complex that consists of five different proteins that form
DNA polymerase by linking the template DNA to the seven subunits, 3, , , , and . The pinnacle of many
enzyme. years of elegant biochemistry, the papers from Jeru-
Although there are different mechanisms to do this, zalmi, O’Donnell, Kuriyan (Jeruzalmi et al. 2001a, 2001b),
such as thioredoxin for bacteriophage T7 DNA polymer- and their colleagues on the structures of the  subunit
ase, the most commonly used mechanism is a clamp and  complex of E. coli provide significant insights into
that is topologically linked with the double-stranded the mechanism of assembly of a DNA clamp loader,
DNA and binds to the polymerase. Such clamps are and suggest regulatory possibilities as these versatile
common to DNA replication systems from organisms as proteins function in various cellular pathways. Because
diverse as prokaryotes, archaea, eukaryotes, and even the , , and  proteins are members of a superfamily
viruses such as baculoviruses. These clamps form a of ATPases called AAA proteins (Neuwald et al., 1999),
ring-shaped complex made up of dimers or trimers of the observations have important and broad implications.
a single subunit (e.g., the  subunit of E. coli DNA poly-
merase III (pol III), the gp45 protein of phage T4, and the The AAA Superfamily of Proteins
proliferating cell nuclear antigen (PCNA) for eukaryotic AAA family proteins are abundant and diverse, but all
DNA polymerases  and ε (Table 1 and Figure 1) (Hingo- must perform work that is driven by ATP binding and
rani and O’Donnell, 2000; Stillman, 1994). Interestingly, hydrolysis. In this respect, they are somewhat similar
the UL42 accessory protein for herpes simplex virus to the GTP-dependent switches that function in signal
DNA polymerase is shaped like a half clamp with remark- transduction. In general, they consist of three domains
able structural similarity to a single subunit of the ring- and contain amino acid sequence motifs that are well
shaped clamps, but apparently it does not form a ring, conserved (Neuwald et al., 1999; Guenther et al., 1997)
and binds to the template DNA in a distinct manner (Figure 2). Domain I is an anchor domain and, together
(Zuccola et al., 2000). Nevertheless, all these accessory with domain II, constitutes the ATP binding and hydroly-
proteins contact the DNA polymerases in a fundamen- sis motifs, including the Walker A and B motifs and
tally similar way. An extension of the polymerase sensor 1 and 2 motifs. Domain III is a variable structure
reaches out to contact a region of the clamp known as that can rotate considerably relative to the other do-
the interdomain connecting loop (Figure 1, colored in mains, in a process driven by ATP binding or hydrolysis.
red in one subunit). This same region in the eukaryotic Based on the structures of the  complex reported re-
cently by Jeruzalmi et al. (2001b), the structure of the
Pyrococcus furiosus RFC small subunit (Mayanagi et1 Correspondence: stillman@chsl.org
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Table 1. Clamps and Clamp Loaders Required for DNA Replication Processivity
E. coli Phage T4 Eukaryotes Archaea Functions
SSB 32 RPA RPA Binds ssDNA
Stimulates DNA polymerase
Facilitates helicase loading




 43 ? ? Dimerization of polymerase
 45 PCNA PCNA Polymerase clamp
Stimulates DNA polymerase
Stimulates DNA-dependent
ATPase activity of clamp loader
Pol III core (	
) 43 Pol / Pol B class DNA polymerase
DNA Replication Initiation Proteins
E. coli Eukaryotes Archaea Functions
DnaA ORC Orc1/Cdc6 ATP-dependent origin recognition
DnaC* Cdc6 – DnaB or Mcm protein loading
DnaB Mcm 2–7 MCM Hexameric structure
Potential DNA helicase
* DnaC is not known to be an AAA protein, but we suggest that it has a similar structure.
ORC has three of its six subunits that have AAA characteristics.
MCM, minichromosome maintenance; ORC, origin recognition complex; PCNA, proliferating cell nuclear antigen; RPA, replication protein A;
RFC, replication factor C; SSB, single-strand DNA binding protein
al., 2001) and of other AAA proteins (Guenther et al., Structural Highlights
Jeruzalmi and colleagues address the question of the1997; Zhang et al. 2000, and references therein), it is
likely that an ATP-driven mechanism is used to induce mechanism by which the very stable tertiary structure
of the E. coli polymerase clamp ( subunit) is disrupteda conformational change in a partner AAA protein, or
in another protein that is the ultimate target of the ATP- by its cognate clamp loader, the  complex. The three 
subunits power the complex by binding and hydrolyzingdriven process (e.g., the  subunit). Known examples
include NSF or NSF-related p97 unzipping the SNARE ATP,  regulates the activity of the complex by binding
, and when the complex is in an open form,  functionscomplex after one round of membrane fusion to allow
another round, and DNA replication clamp loaders pop- to bind to and destabilize the  subunit. The  and 
subunits are not essential (and are not in the structureping open a clamp to allow DNA to pass into the ring.
AAA proteins function in almost all cellular processes, that was determined), but augment clamp loading activ-
ity by facilitating primer/template recognition throughand understanding how the AAA module has been ex-
ploited by the cell to perform so many distinct tasks will interactions with E. coli SSB in the case of the former,
and by enhancing the stability of the  complex in theaid investigation of proteins in this family of unknown
function (Neuwald et al., 1999). case of the latter (Hingorani and O’Donnell, 2000). Previ-
Figure 1. Comparison of Three Clamps: E. coli  Subunit, Phage T4 gp45, and Human PCNA
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Figure 2. A Generic AAA Protein
The domains of a AAA protein are shown, as is the  interacting
element (BIE) that is present in the  subunit off the E. coli clamp
loader. Figure drawn by J. Duffy (Cold Spring Harbor Laboratory).
ous studies have shown that purified  alone forms a
stable complex with the  subunit; however, the interac-
tion is even stronger with a mutant form of  (mt) that
is unable to dimerize (Kd  monomer/Kd  dimer  50)
(Stewart et al., 2001). To elucidate the molecular nature
of this interaction, Jeruzalmi et al. determined the crystal
structures of the  subunit, mt, and a complex between
mt and a fragment of  sufficient for the interaction with
 (1–140; see Figure 3A) (Jeruzalmi et al., 2001a).
The structures yielded three significant observations.
First,  was shown to have a structure quite similar to
that of , the first clamp loader subunit whose structure
was determined (Guenther et al., 1997). Previous se-
quence analyses of the eukaryotic clamp loader RFC
revealed not only significant similarity with subunits of
the prokaryotic clamp loader ( and  for E. coli, T4
phage gp44), but also with a large number of proteins
that constitute the AAA superfamily of proteins. How-
ever, these sequence analyses failed to uncover any Figure 3. A  Fragment and the  Subunit
similarity with the  subunit. Nonetheless, comparison Figure drawn by J. Duffy (Cold Spring Harbor Laboratory).
of the structures of  and other AAA family members
(e.g., NSF and p97; Zhang et al., 2000 and references
therein) with that of  unambiguously permits classifica- merases and the human cyclin/CDK inhibitor p21CIP1
(Shamoo and Steitz, 1999; Alley et al., 2001; Hingoranition of the  subunit within this superfamily.
Second, from the structure of 1–140-mt, Jeruzalmi et and O’Donnell, 2000). Given that the eukaryotic clamp
loader RFC and the T4 clamp loader gp44/62 have alsoal. discovered a hydrophobic region in the very N termi-
nus of domain I of  that contacts a hydrophobic pocket been shown to interact with the C-terminal face of their
respective clamps (Fukuda et al., 1995), the molecularon the C-terminal surface of  (Figure 3A). This hy-
drophobic pocket is located at the base of the interdo- attributes of the interaction described for  and  are
likely to be conserved.main connecting loop of the  clamp (Figures 1 and 3A).
The structure suggests that insertion of this “hydropho- Third, comparison of the structure of a monomer in its
normal, dimeric form with that from the 1–140-mt complexbic wedge” (labeled  interacting element, BIE in Figure
2) will cause a reorganization of the interdomain con- revealed a reduced curvature of in the 1–140-mt structure
relative to that in the dimer (Figure 3A, compare opennecting loop, resulting in a conformational change in 
that may facilitate clamp opening. Figure 3B shows a and closed forms in Figure 3B; and the curvature shown
in Figure 3C). If modeled onto the structure of wild-typehypothetical clamp opening, in which the  fragment
was shoved into the pocket of the  clamp. In reality, dimeric , the distortion in one monomer would result
in an approximately 10–14 A˚ opening of the clamp, whichan ATP-driven process opens the  complex and ex-
poses the  subunit so that it can bind to the clamp. is sufficient to allow passage of ssDNA into the center
of the ring (Figure 3B). Coupled with the observationAmazingly, the pocket in the  clamp that binds to
the  polypeptide is the same pocket present in PCNA that  is inserted into the  subunit, these results lead
to the conclusion that  acts as a molecular wrench thatclamps that interact with specific peptides in DNA poly-
Cell
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Figure 4. Clamp Loading
Figure drawn by J. Duffy (Cold Spring Harbor
Laboratory).
induces a conformational change in , thereby opening The complex, an asymmetric heteropentamer, is
shaped much like a right hand with the fingers heldthe clamp (Figure 3B).
together on a desktop (Figure 4). Each subunit in the
complex possesses the same basic structure seen for
Clamp Loaders as Molecular Machines other AAA family members (Neuwald et al., 1999): a
All clamp loaders utilize the energy of ATP to assemble three-domain organization with domain I (containing the
their respective clamps onto replication forks, but the P loop, DExx box, and Sensor 1 motifs) and domain II
precise function of ATP binding and hydrolysis has re- (containing the sensor 2 motif), both defining the AAA
mained elusive. Numerous biochemical studies of the signature (Figure 2). All AAA proteins characterized to
loading reactions of both eukaryotic and prokaryotic date function as oligomeric ATPases. Substrate binding
clamp loaders (Mace and Albert, 1984, Tsurimoto and and hydrolysis are coordinated through the sensor 1
Stillman, 1991, Turner et al., 1999, Pietroni et al., 2001, and sensor 2 motifs, which monitor and relay information
Hingorani and O’Donnell, 2000) have suggested that the regarding the state of bound nucleotide by inducing
clamp loading complex starts off in a closed form and subtle structural changes in the protein.
upon binding ATP, is driven into an open conformation Once the clamp is on the DNA and ATP has been
that binds to the clamp (Figure 4). Once formed, this hydrolyzed by the clamp loader, the next step is loading
complex between the clamp loader and the clamp binds of the polymerase and DNA synthesis, made processive
to DNA, inserts the DNA through the open clamp, and by the attached clamp. A detailed view of this complex
then hydrolyzes ATP. From both electron microscopy has been modeled from structures of bacteriophage
and protease sensitivity studies, the formation of the clamps and DNA polymerases and one version is shown
ATP-clamp loader-clamp complex is thought to involve in Figure 5. The DNA is seen passing through the clamp
a conformational change in the clamp loader, a process and the polymerase tethers the polymerase to its tem-
induced by nucleotide binding (Hingorani and O’Donnell, plate (Alley et al., 2001; Shamoo and Steitz, 1999).
2000, Shiomi et al., 2000, Mayanagi et al., 2001). Another
key observation was that the  subunit of the clamp
loader bound to the  subunit and prevented binding of Asymmetric Organization
The organization of the different subunits in the clampthe  subunit to the  clamp (Turner et al., 1999). This
suggested that ATP binding to the clamp loader might loader structure is highly asymmetric, with each  sub-
unit in the complex possessing a different tertiary struc-facilitate presentation of  to. However, the mechanism
and consequence of this conformational change in the ture and, consequently, the subunit interfaces are quite
distinct. The greatest similarity is observed at theclamp loader remained elusive. Now, Jeruzalmi et al.
(2001b) have determined the structure of a clamp loader C-terminal intersubunit interfaces, which interact quite
closely (except for 3 and ). However, the N-terminal( complex) consisting of 3  subunits and one each of
 and  to 3 A˚ resolution. The knowledge gained and subunit interfaces, created by interactions between do-
mains I and II, are quite distinct for each paired interac-implications gleaned from this structure are substantial.
Review
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Figure 5. Model of the Phage T4 Polymerase
and its Clamp (Alley et al., 2001; Shamoo and
Steitz, 1999)
Figure from Alley et al. (2001).
tion in the pentamer. In general, the nucleotide binding The intersubunit interfaces are also organized differ-
ently; in general, they lack the proximity required formotifs of each subunit are positioned at the subunit
interfaces, with the P loop of one subunit located near proper interaction between the nucleotide binding sites
and sensor 1 motifs of adjacent subunits. Given that thethe sensor 1 motif of the adjacent subunit. However,
the extent of surface area contacted differs among the structure determined is only of a complex of the small
subunit, this organization may reflect an alternative con-subunit interfaces, with that shared by  and 1 being
the smallest and that shared by 1 and 2 the largest formation adopted by the clamp loader when only a
subset of subunits is present in the complex. One possi-(in this situation, the nucleotide binding site of 2 is
completely occluded by the sensor 1 domain of 1). bility is that the archaeal structure is like a hypothetical
dimer of the trimer of  subunits that is present in theJeruzalmi et al. speculate that this arrangement of sub-
units provides a mechanism for the sensor domain in E. coli clamp loader. Nonetheless, the conservation
demonstrated by the archaeal clamp loader structureone subunit to modulate access of ATP to the nucleotide
binding site in an adjacent subunit. illustrates the evolutionary importance of this molecular
machine.Modeling of the structure of the  complex (generated
in the absence of nucleotide) on that of the membrane
fusion regulator NSF-D2 (determined in the presence of Unanswered Questions
Concerning the form and function of polymerase clampAMP-PNP) and the NSF homolog p97 (determined with
ADP), and comparison with the structures of G proteins loaders, many questions remain to be addressed, such
as (1) What is the role of DNA in the clamp loading(Zhang et al., 2000 and references therein), suggests
that upon nucleotide binding, movement of the sensor process; (2) Which subunits are required for nucleotide
binding and hydrolysis and which are only necessary for1 helix toward the phosphate of ATP results in a confor-
mational change that, in turn, results in displacement of nucleotide binding; (3) Why are there three independent
genes in eukaryotes (RFC2, RFC3, and RFC4) to performthe adjacent subunit and thus makes the nucleotide
binding site accessible to ATP. With subunit translation a function which is performed by a single subunit in E.
coli ( subunit), and T4 phage (gp44); (4) How doesstarting from the  subunit (or thumb in Figure 4), which
does not bind nucleotide and therefore does not move, polymerase recruitment occur and what is the potential
role of other replication factors (such as single-strandedthe net result of these highly orchestrated sets of subunit
movements is disruption of the contact between the  DNA binding proteins) in this process; (5) How is the
interaction between the clamp and clamp loader regu-and  subunits. The end result is exposure of the 
subunit peptide that inserts into the  subunit, springing lated in vivo; and (6) In addition to the  fragment, how
many sites of interaction are there between the clampopen the  clamp.
The clamp loader structure of the archaea bacterium loader and the clamp?
Pyrococcus furiosus (Oyama et al., 2001) nicely comple-
ments the Jeruzalmi et al. (2001a, 2001b) papers. The Relationship to Eukaryotic RFC
The eukaryotic RFC complex, consisting of five different,clamp loader in this organism consists of one large sub-
unit plus four identical small subunits, reminiscent of the but related, AAA proteins (RFC1-5), functions as a DNA
polymerase clamp loader. But the four small subunitsarchitecture of the phage T4 clamp loader, gp44/62. The
structure of a complex of the small subunit determined of RFC (RFC2-5) from yeast and human can form com-
plexes with other proteins. The Rad24p in S. cerevisiaeby Oyama et al. is quite similar to that of bacterial clamp
loader subunits, possessing all the features that charac- (Rad17p in S. pombe and H. sapiens) shares consider-
able sequence similarity with the other RFC subunitsterize AAA family members. However, the organization
of the subunits in the complex is different from that of and together with RFC2-5, functions in a cell cycle
checkpoint mechanism that coordinates progressionthe  complex, as the archaeal complex is a collapsed
hexamer, arranged as a dimer of two semicircular trimers. through S phase with repair of DNA damage (Zhou and
Cell
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(2001). Three-dimensional electron microscopy of the clamp loaderElledge, 2000). Another AAA protein in S. cerevisiae
small subunit from Pyrococcus furiosus. J. Struct. Biol. 134, 35–45.called Ctf18p (chromosome transmission fidelity) is also
Mayer, M.L., Gygi, S.P., Aebersold, R., and Hieter, P. (2001). Identifi-related in sequence to the RFC subunits and forms a
cation of RFC(Ctf18p, Ctf8p, Dcc1p): an alternative RFC complexcomplex with RFC2-5 and two other proteins called
required for sister chromatid cohesion in S. cerevisiae. Mol. Cell 7,
Ctf8p and Dcc1p (Mayer et al., 2001). This complex is 959–970.
required for efficient sister chromatid cohesion and Neuwald, A.F., Aravind, L., Spouge, J.L., and Koonin, E.V. (1999).
chromosome transmission during mitosis. It is likely that AAA: a class of chaperone-like ATPases associated with the as-
both these alternative RFC complexes function in a man- sembly, operation, and disassembly of protein complexes. Genome
Res 9, 27–43.ner similar to the E. coli  complex by catalyzing protein-
remodeling reactions in their respective cellular niches. Oyama, T., Ishino, Y., Cann, I., Ishino, S., and Morikawa, K. (2001).
Atomic structure of the clamp loader small subunit from PyrococcusRFC opens the PCNA clamp. But the nature of the tar-
furiosus. Mol. Cell 8, 455–463.gets for the RFC-like AAA proteins is not known. Given
Pietroni, P., Young, M.C., Latham, G.J., and von Hippel, P.H. (2001).the modular architecture of the E. coli clamp loader
Dissection of the ATP-driven reaction cycle of the bacteriophage(as well as the other AAA proteins discussed here),
T4 DNA replication processivity clamp loading system. J. Mol. Biol.
it appears that evolution has exploited this structural 309, 869–891.
organization to change the structure of partner proteins. Shamoo, Y., and Steitz, T.A. (1999). Building a replisome from inter-
Thus, future research aimed at determining exactly what acting pieces: sliding clamp complexed to a peptide from DNA
this work is will solve the mystery of the biochemical polymerase and a polymerase editing complex. Cell 99, 155–166.
functions of these putative, alternative clamp loaders Shiomi, Y., Usukura, J., Masamura, Y., Takeyasu, K., Nakayama, Y.,
Obuse, C., Yoshikawa, H., and Tsurimoto, T. (2000). ATP-dependentwhose biochemical functions are not known.
structural change of the eukaryotic clamp-loader protein, replicationThus, lessons learned from the  complex may be-
factor C. Proc. Natl. Acad. Sci. USA 97, 14127–14132.come a paradigm for other biochemical processes. Even
Stewart, J., Hingorani, M.M., Kelman, Z., and O’Donnell, M. (2001).other DNA replication proteins that are required to es-
Mechanism of beta clamp opening by the delta subunit of Esche-tablish prereplication complexes at origins prior to the
richia coli DNA polymerase III holoenzyme. J. Biol. Chem. 276,
initiation of DNA replication consist of many AAA pro- 19182–19189.
tein complexes. In E. coli, the DnaA origin binding pro- Stillman, B. (1994). Smart machines at the DNA replication fork. Cell
tein and the DnaB helicase interact, and in eukaryotes, 78, 725–728.
the hexameric origin recognition complex (ORC), Cdc6p Takisawa, H., Mimura, S., and Kubota, Y. (2000). Eukaryotic DNA
and the hexameric minichromosome maintenance replication: from pre-replication complex to initiation complex. Curr.
Opin. Cell Biol. 12, 690–696.(MCM) proteins form a prereplication complex (Taki-
sawa et al., 2000; Table 1). All these proteins are AAA Tsurimoto, T., and Stillman, B. (1991). Replication factors required
for SV40 DNA replication in vitro. I. DNA structure-specific recogni-members. Clearly, they must interact to perform work,
tion of a primer-template junction by eukaryotic DNA polymerasesperhaps changing the structure of each other and even-
and their accessory proteins. J. Biol. Chem. 266, 1950–1960.tually opening the origin DNA. Thus, DNA replication
Turner, J., Hingorani, M.M., Kelman, Z., and O’Donnell, M. (1999).may involve a series of ATP-driven machines and ATP
The internal workings of a DNA polymerase clamp-loading machine.
may eventually turn out to be the master regulator of EMBO J. 18, 771–783.
the entire process.
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